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Abstract General circulation models predict that clouds in the atmosphere rapidly adjust to the
radiative perturbation of an abrupt increase in atmospheric CO, concentration on a short time scale of
about 10 days. This rapid adjustment consists of an increase of clouds in the boundary layer and a decrease
of clouds in the free troposphere. Our focus is the mechanism for the decrease of clouds in the free
troposphere, which is the dominating component of cloud rapid adjustment in most general circulation
models. We propose that the decrease in clouds in the free troposphere arises from the causal relationship
between the moist diabatic circulation and the production of condensates that forms clouds in moist
processes. As CO, concentration increases, tropospheric radiative cooling is reduced, resulting in
weakening of the moist diabatic circulation and a decrease in precipitation. As the hydrologic cycle
weakens and the moist processes involving phase change of water vapor to form the condensates in the
atmosphere lessen, the mass of cloud condensates decreases. This decrease in cloud condensates can be
predicted from the decrease in the radiative subsidence mass flux, which is a metric for the strength of the
moist diabatic circulation in the free troposphere.

Plain Language Summary Climate models predict that the global average precipitation and
clouds decrease rapidly on a short time scale of about 10 days following an abrupt increase in atmospheric
CO, concentration. We demonstrate that these rapid decreases in global precipitation and clouds are
manifestations of the weakening of the hydrologic cycle, which is directly forced by the perturbation of the
atmosphere's radiative energy budget due to CO, increase.

1. Introduction

Following an increase in CO, concentration, the perturbation in the atmosphere’s radiative energy budget
directly drives rapid adjustment processes (terminology following Gregory & Webb, 2008; Gregory et al.,
2004) which re-establish energetic equilibrium for the atmosphere. Rapid adjustment takes place in the
atmosphere on a very different time scale from the slow (decades to centuries) surface temperature changes
because of the vast difference between the heat capacities of the atmosphere and the oceans. In the strato-
sphere, temperature adjustment restores pure radiative equilibrium on a time scale of about a month, which
is set by the radiative heating rate perturbation and the heat capacity of the air. In the troposphere, energetic
equilibrium is restored even more rapidly (within about 10 days, Dinh & Fueglistaler, 2017; Dong et al., 2009)
predominantly through circulation change, with Newtonian radiative relaxation being significant only in
the boundary layer (Dinh & Fueglistaler, 2017). The weakened circulation (Bony et al., 2013; Merlis, 2015)
drives a hydrologic cycle with smaller latent and sensible heat fluxes (Andrews & Forster, 2010; Cao et al.,
2012; Dinh & Fueglistaler, 2017; Dong et al., 2009). The decreases in latent and sensible heat fluxes at the
surface are the pathway through which the perturbation in the radiative energy budget at the top of the
atmosphere (TOA) is communicated to the surface (Dinh & Fueglistaler, 2017).

Additionally, rapid adjustment includes cloud changes. Cloud rapid adjustment, together with atmospheric
temperature and water vapor adjustments, affects the net incoming radiative flux at the TOA, effectively
modifying the forcing that drives surface warming. Accounting for rapid adjustment processes including
cloudsis necessary to ensure correct calculation of the effective forcing (terminology following Gregory et al.,
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2004) and interpretation of transient and equilibrium climate sensitivity (e.g., Bala et al., 2009; Gregory &
Webb, 2008; Gregory et al., 2004; Pincus et al., 2016). Across general circulation models (GCMs), the total
cloud rapid adjustment is generally a decrease in cloud amount (Gregory & Webb, 2008; Kamae & Watanabe,
2012; Kamae et al., 2015; Webb et al., 2013; Zelinka et al., 2013), which decreases the reflected shortwave flux
at the TOA and increases the outgoing longwave flux. In most GCMs the shortwave effect dominates such
that cloud rapid adjustment contributes positively to the effective CO, forcing. The magnitude of this con-
tribution is on the order of 1 W m~2 for a quadrupling of CO, concentration but with significant inter-model
spread (Andrews & Forster, 2008; Kamae & Watanabe, 2012; Vial et al., 2013; Zelinka et al., 2013).

The amount and spatial structure of cloud rapid adjustment differ among GCMs (Gregory & Webb, 2008;
Kamae & Watanabe, 2012; Webb et al., 2013; Zelinka et al., 2013). However, as emphasized by Kamae et al.
(2015), the common feature among most models consists of an increase of clouds in the boundary layer and
a larger (dominating) decrease of clouds in the free troposphere. The increase of boundary layer clouds has
been linked to the shoaling and stabilization of the boundary layer and the decrease in cloud top entrain-
ment (Kamae et al., 2015; Wyant et al., 2012; Xu et al., 2018). For the free troposphere, Kamae et al. (2015)
correlate the decrease in cloud fraction to decreasing relative humidity (RH). Although tropospheric RH
indeed decreases, the correlation between cloud fraction and RH does not necessarily indicate causality.
Clouds and RH, as well as other variables of the hydrologic cycle, are expected to change in highly correlated
ways, but the causality among them is not obvious.

Here, we seek to clarify the physical basis of the causal relationship between the CO, radiative forcing and
cloud rapid adjustment. The availability of a physical basis and its consistency with GCM calculations would
allow us to be more confident in the models. To this end, we begin by analyzing the experiments of the
Atmospheric Model Intercomparison Project (AMIP, Cess & Potter, 1988; Taylor et al., 2012) and targeted
GCM simulations that we carried out in aqua planet configuration (see section 2). Both the AMIP and aqua
planet simulations project that during rapid adjustment (i) cloud water decreases in the free troposphere and
(ii) the latitudinal profiles of the decreases of precipitation and cloud water path are highly correlated. The
qualitative agreement between the AMIP and aqua planet simulations suggests that the land-sea contrast is
not essential for rapid adjustment, a result consistent with Kamae and Watanabe (2013).

We therefore proceed to use the aqua planet simulations to test our hypothesis that the decreases in precipi-
tation and cloud water are both consequences of the weakening of the moist diabatic circulation in the free
troposphere, itself a result of the decrease in atmospheric radiative cooling due to increasing CO,. The chain
of causality—from the CO, radiative forcing to cloud rapid adjustment—is demonstrated in two steps. In
step one (section 2), we argue that the decreases in precipitation and cloud water during rapid adjustment
can be quantified by the decrease in the production of condensates in moist processes. The production of
condensates takes place in the atmosphere via phase change of water (from vapor to condensates) as part of
the hydrologic cycle. In step two (section 3), we show that the decrease in atmospheric radiative cooling due
to increasing CO, weakens the moist diabatic circulation in the free troposphere, in which the production
of condensates is reduced. By the result of step one, the weakening of the moist diabatic circulation is the
cause for the decrease in cloud condensates in the free troposphere. The weakening of the circulation also
explains the decrease in cloud fraction to a large extent. However, for this variable the RH change probably
also plays a role. In section 4, we discuss the factors specific to the boundary layer that lead to the increase
of clouds there. The paper ends with the conclusions in section 5.

2. Clouds, Precipitation, and Condensate Production

Our hypothesis is that the decreases in precipitation and in the mass of cloud condensates during rapid
adjustment are governed by the same physics. In order to compare the latitudinal profiles of precipitation
(P, kg m™2s71) and condensate, we calculate the cloud water path (CWP, kg m~2) by integrating the cloud
(liquid and ice) water mixing ratio (q., kg kg~') over the atmospheric column. That is,

1 Ps
L[ adp=cwe M
0

assuming hydrostatic balance, where p is pressure, p, is the surface pressure, and g is the gravitational
acceleration.
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Figure 1. Latitudinal profiles of cloud water path (CWP) and precipitation (P) in the base state (solid) and the changes
following rapid adjustment (dashed) diagnosed from the AMIP and AMIP4xCO, experiments produced by the
bce-csm1-1, CanAM4, CNRM-CMS5, and FGOALS-g2 models.
Figures 1 and 2 show the results of the AMIP simulations by eight different GCMs (bcc-csm1-1, CanAM4,
CNRM-CM5, FGOALS-g2, IPSL-CM5B-LR, MRI-CGCM3, MPI-ESM-MR, and MIROCS5). The data of these
simulations were downloaded from the Coupled Model Intercomparison Project Phase 5 (CMIP5) archive.
The figures show that there is a strong correlation in the latitudinal profiles of precipitation (P) and cloud
water path (CWP) in the base state (AMIP), as well as between their changes (AP and ACWP) following rapid
adjustment (AMIP4xCO, minus AMIP). Further, the latitudinal profiles of AP and ACWP are approximately
mirror images of precipitation in the base state. Specifically, the largest decreases in both precipitation and
DINH AND FUEGLISTALER 3838
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Figure 2. Same as Figure 1 but for the IPSL-CM5B-LR, MRI-CGCM3, MPI-ESM-MR, and MIROCS5 models.

CWP occur at the Intertropical Convergence Zone (about 10° N) and in the mid-latitude storm tracks around
40°. These are well-known wet regions that receive the most amount of precipitation on Earth.

In addition to the AMIP experiments, we carried out simulations in aqua planet configuration using the
HIgh Resolution Atmospheric Model (HiRAM, see Zhao et al., 2009). Three sets of aqua planet simulations
were carried out, and these are labeled “CtrL” (control), “Cre0” (turning off cloud radiative effect, CRE), and
“Ent0” (turning off subgrid-scale entrainment at cloud tops in the boundary layer). The purpose of these
experiments is to show that the physical argument holds regardless of CRE and the parameterization of

subgrid-scale entrainment, which we expect to be highly model specific. Other technical details of HHRAM
and the simulations are provided in Appendix A.
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Figure 3. Latitudinal profiles of (a) surface temperatures, (b) precipitation, (c) CWP, and (d) total CFR in the base state
(solid) and their rapid adjustments under 4xCO, (dashed) in the HIRAM aqua planet simulations and the AMIP
experiments (shaded).

The latitudinal profiles of surface temperatures, precipitation, CWP, and total cloud fraction (CFR) in both
the AMIP and aqua planet simulations are shown in Figure 3. The shaded areas in Figure 3 show the range
of the AMIP data of the eight CMIP5 models. The meridional gradient of the sea surface temperatures in
the tropics is smaller in the AMIP experiments than in the aqua planet simulations. Correspondingly, the
tropical precipitation maximum is smaller, and the tropical precipitation pattern is wider in the AMIP exper-
iments than in the aqua planet simulations. In both the AMIP and aqua planet simulations, the changes in
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Figure 4. Latitudinal profiles of CWP and precipitation (P) in the base state (solid) and the changes following rapid
adjustment under 4xCO, (dashed) in the HIRAM aqua planet simulations.

precipitation and CWP following rapid adjustment are approximately reflections of their base state profiles,
except for the fact that the maximum decreases in precipitation and CWP in the mid-latitudes are located
slightly equatorward of the maximum precipitation and CWP in the base state.

Figure 3 shows that the latitudinal profiles of precipitation and CWP are highly correlated in both the base
state and in the changes following rapid adjustment. The latitudinal profiles of precipitation and CWP in
the three aqua planet simulations are also shown in Figure 4, which can be compared with the AMIP experi-
ments shown in Figures 1 and 2. The figures show that the land-sea contrast regulates the latitudinal profiles
of precipitation and clouds, but it is clear that the correlation between the two variables, precipitation and
CWP, holds well in both the aqua planet and AMIP experiments across all models. A high correlation
between precipitation and CWP is not guaranteed a priori because (i) some cloud condensates evaporate
in the air and therefore do not fall to the surface as precipitation and (ii) the fall speeds of the condensates
affect the rate of precipitation. The empirical correlation between precipitation and CWP changes indicates
that, at least so far as rapid adjustment is calculated in these GCMs, the changes in condensate evaporation
and sedimentation are only secondary.

Figure 3 shows that the CFR is however somewhat decoupled from precipitation and CWP. In the
high-latitudes poleward of 60°, there is large cloud cover especially in the aqua planet simulations (more
than 70%), but these clouds are optically thin (low water content) and are non-precipitating. In the
mid-latitudes, the regions that exhibit reduction in CFR during rapid adjustment (ACFR < 0) are located
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Figure 5. Percentage changes associated with rapid adjustment of the global average (a) CFR and tropospheric RH
(below 150 hPa) and (b) CWP and precipitation. The crosses show the difference between the AMIP and AMIP4xCO,
experiments. The circles show the data of the HIRAM simulations (labeled Cre0, CtrL, and Ent0) with doubled (2x),
quadrupled (4x), and octupled (8x) CO, concentrations. The dotted lines are the one-to-one lines.

poleward of the regions that exhibit reduction in CWP. The magnitude of ACFR is smaller in the deep trop-
ics than in the mid-latitudes, while the magnitude of ACWP in the deep tropics is comparable or larger than
in the mid-latitudes. We expect that CFR is highly sensitive to the identification of “cloudy area” and param-
eterization of entrainment (which controls the mixing between cloudy and surrounding air) in models.
Indeed, Figure 3d shows large variations in ACFR among the CMIP5 models.

The decrease in tropospheric RH has been proposed to be the mechanism for the decrease in CFR during
rapid adjustment (Kamae & Watanabe, 2012; Kamae et al., 2015). We therefore examine whether ARH is a
good predictor for ACFR. Suppose that in the base state CFR correlates with tropospheric RH (below 150
hPa) such that we can write CFR o RH. If ARH is the dominating factor governing ACFR, we may linearize
the fractional changes of CFR and RH as

ACFR ARH

RH 2
CFR = RH @

In other words, if ARH is the dominating factor governing ACFR, we expect to see a one-to-one relationship
between ACFR/CFR and ARH/RH. Figure 5a shows however that this is not the case. Across the eight
CMIP5 models the range of ACFR/CFR is significantly larger than the range of ARH/RH.

On the other hand, our argument is that the decrease in the mass of cloud condensates is governed by the

same physics that leads to the decrease in precipitation. By a similar scaling argument as in equation (2),
we expect that

ACWP AP

cwp P’

3

Figure 5b confirms that ACWP indeed scales with AP to first order. The deviation between the aqua planet
data and the one-to-one line can be attributed to the increase of low clouds in the boundary layer (see
Figure 6). Note that the quantity ACWP measures the change in the mass of cloud condensates over the
entire atmospheric column (without accounting for the different behavior of clouds in the boundary layer).
The AMIP data show further deviation from the one-to-one line, indicating some complications due to
land-sea contrast. In general, the decrease in CWP is smaller in the AMIP experiments than in the aqua
planet simulations. Kamae and Watanabe (2013) showed that land surface warming induces anomalous
upward motion, which increases high clouds over lands. The land-induced adjustment thus counteracts the
decrease of clouds over oceans. Also, there could be a shift of clouds from oceans to lands in the AMIP exper-
iments, as suggested by Wyant et al. (2012) and Xu et al. (2018). The land-sea contrast thus quantitatively
affects the results, but it is not a necessary requirement for rapid adjustment (Kamae & Watanabe, 2013).

The results thus far show that precipitation and the mass of cloud condensates are highly correlated variables
of the hydrologic cycle. We reason that these two variables are controlled by the same process, which is the
production of condensates via phase change of water (from vapor to condensates) in the atmosphere as part
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Figure 6. Vertical profiles of the global average (a) cloud water mixing ratio g, and (b) cloud fraction (CFR) in the base
state (solid) and the changes following rapid adjustment under 4xCO, (dashed) in the HIRAM aqua planet simulations.

of the hydrologic cycle. The variable required for the diagnosis of phase change in moist processes in models
is the tendency (rate of change) of the mixing ratio of the condensates that arises from phase change, which
we denote by m_.4 (in units of kg kg=! s~1). The sign convention of m_,, is that where m_,, is positive,
condensation takes place. Vice versa, where m_,,  is negative, evaporation of the condensates occurs. The
integral over the atmosphere of m_4 is positive because the overwhelming direction of phase change in the
atmosphere is from water vapor to condensates. Assuming hydrostatic balance, we have confirmed that in
HiRAM the vertical integral of m 4 gives precipitation P, that is
Ps

1
= Meonadp = P. €y
8 Jo

Unfortunately m,,4 is not available as an output of the other CMIP5 models, and so hereafter, we focus on
the analyses of the HIRAM simulations only.

Figure 7 shows that in the HIRAM simulations Aq, and Am,,, are highly correlated, particularly in the
latitudinal direction. The cloud mixing ratio is reduced (Aq, < 0) in the latitudes in which Am_,,4 < 0.
Because the vertical integral of g, gives CWP (equation (1)) and the vertical integral of m,, 4 gives precipi-
tation (equation (4)), we have correspondingly ACWP < 0 in the latitudes in which AP < 0 (Figure 4). In
the vertical direction, however, the profile of Ag, is shifted slightly upward relative to the profile of Am
(see the regions around 700 hPa and 30°-40° in Figure 7). This vertical displacement between g. and m_4
is also apparent in the base state (not shown). In regions where g, > 0 but a significant amount of cloud
water evaporates in situ, the magnitude of the net rate of condensate production m,,,4 (which is actually
the sum of condensate production and condensate evaporation) is small.

cond

con

Figure 7 shows that the total rapid adjustment consists of a decrease of clouds (correspondingly Am .4 < 0)
above about 900 hPa and an increase of clouds (correspondingly Am,,4 > 0) below this level. In the vertical,
cloud changes are consistent between the global average Aq, and ACFR (Figure 6) despite the differences in
their latitudinal profiles shown earlier in Figure 3. Clouds in the transition layer between 800 and 900 hPa
are influenced by both the free tropospheric circulation and the physical processes of the boundary layer.
Below, we discuss separately the role of the free tropospheric circulation in section 3 and other processes
affecting clouds in the boundary layer in section 4.

3. Circulation Governs Condensate Production in the Free Troposphere

The physical argument in this section is based on the energetic balance between radiative cooling and latent
heat released in moist processes in the free troposphere (see, e.g., Betts & Ridgway, 1988; Allen & Ingram,
2002; Mitchell et al., 1987; O'Gorman et al., 2012; Pendergrass & Hartmann, 2014, among others). Below, we
write down the mathematical basis of the energetic balance, which allows us to formally define the metric
measuring the strength of the moist diabatic circulation in the free troposphere and relate it to the rate of
condensate production (m,,,4) introduced earlier in section 2.
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Figure 7. Spatial structures of Am,4 (black contours) and Aq, (filled colored contours) following rapid adjustment

under 4xCO, in the Cre0 (top), CtrL (middle), and Ent0 (bottom) simulations.
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The thermodynamic energy equation in pressure coordinates is given by

oT -
E +V- VT —wo = Q4 + Quat + Qgens ®)

(cf. Equation 7 in Dinh & Fueglistaler, 2017). Here T is temperature, ¥ is the horizontal wind field, o is the
static stability, w is the pressure velocity, Q,,q4 is the radiative heating rate, Q,,, is the latent heating rate,
and Q. is the atmospheric temperature tendency that results from the vertical diffusion of sensible heat
flux by the boundary layer schemes in GCMs. In the base state the atmosphere is dominated by radiative
cooling (Q,,4 < 0). As CO, concentration increases, absorption of longwave radiation by the atmosphere
increases, and so the radiative heating rate increases. As the radiative heating rate increases (AQ,,q4 > 0)
and equivalently atmospheric radiative cooling decreases, latent and sensible heat decrease (AQ,,, < 0 and
AQsens < O)'

As a metric for the strength of the moist diabatic circulation regulated by the “diabatic” heating rates on the
right hand side of equation (5), we use the radiative subsidence mass flux defined by

Qrad

c

Oppg = (6)
The static stability o is calculated as
,_RT _oT
pe, 0p

where R is the specific gas constant of air and ¢, is the specific heat at constant pressure of air. The sign
convention for w,,q4 is that it is positive (indicating subsidence) in the base state. This method (equation (6))
to estimate the subsidence air mass flux within the moist diabatic circulation was also used by Yano et al.
(2002), Folkins et al. (2008), Zelinka and Hartmann (2010), and Dinh and Fueglistaler (2017). The change
in the radiative heating rate (AQ,,4) and the change in the radiative subsidence (Aw,,4, calculated based on
equation (6)) are shown in Figure 8a. The similarity in the vertical profiles of these two variables shows that
for the most part the decrease in the subsidence max flux (Aw,,q < 0) is forced directly by the decrease in

atmospheric radiative cooling (AQ,,q4 > 0), rather than from the change in the static stability.

In the free troposphere above about 800 hPa, Q.. is negligible (see Figure 2 in Dinh & Fueglistaler, 2017),
and so the moist diabatic circulation can be theoretically constructed as consisting of a subsidence branch
associated with Q,,4 and an ascending branch associated with Q,,,. Mass conservation implies that, on the
global average, the radiative subsidence estimated by w,,4 is balanced by the rising motions driven by the
latent heat released in moist processes, that is

[a)rad] == [a)lat] . (7)

The equality holds only at steady state and for a closed circulation, that is, on the global average as indicated
by the brackets [-]. Because equation (7) holds only at steady state, one may pose the question as to how the
ascending air within the convective regions initially “knows” that it needs to slow down to adjust to the CO,
radiative forcing. The stratification at the top of the boundary layer's inversion is particularly important in
determining the ascending air mass flux into the free troposphere. The increase in the radiative heating rate
(AQ,,4 > 0) induces tropospheric warming with a maximum at around 800 hPa (Figure 8b), which increases
the static stability in the critical layer at the top of the boundary layer at 800 hPa and therefore throttles and
weakens the ascending motions into the free troposphere.

The rate of condensate production in the ascending regions can be estimated by

—[@iye] [dgls)at] = [0q] [dgg‘t] =My, (8)
where g, is the saturation specific humidity (see also Dinh & Fueglistaler, 2017; O'Gorman & Schneider,
2009; Schneider et al., 2010). There is non-negligible error in the estimate in equation (8) because q,,, within
the ascending regions may not be equal to the global average q,,. Nevertheless, we have shown in Dinh and
Fueglistaler (2017) that m,,, is a relatively good metric for m,,, in the free troposphere. The approximate
agreement between m, 4 and m,,, indicates that the evaporation of the condensates in the air—which
contributes to the net condensate production m,, 4 but is not accounted for in m,,;—can be neglected to first
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Figure 8. Vertical profiles of the global average (a) AQ.,q and Aw,,q, (b) AT and Ao, (¢) Am g and Aw,,q, and (d)
Ag, and ARH under 4xCO, in the CtrL case. The results of the Cre0 and EntO cases are qualitatively similar (not
shown). The radiative subsidence w,,q is shown above 800 hPa only.

order. Note that the variable m_, 4 is diagnosed directly from the model output, and here we are linking it to
the metric m,,4, which is defined based on Q,,4 (see equations (6) and (8)). In the boundary layer, sensible
heat plays a key role in balancing Q,,4, and ascending air may not be at saturation (see Betts & Ridgway,
1988; Dinh & Fueglistaler, 2017; Mitchell et al., 1987; Takahashi, 2009). Therefore, w,,4 (equation (6)) and
m,,q (equation (8)) are useful only in the free troposphere above 800 hPa.

Because the temperature adjustment is small (AT ~ 0.2K for 4xCO,, see Figure 8b), the contribution of
Agqg, to Am, 4 can be neglected. Quantitatively, the percentage change of g, is on the order of 1%, and the
percentage change of w,,, is on the order of —5% for 4xCO,. Therefore, we expect that to first-order Am,,4
and so Am, 4 scale with Aw_,4. Figure 8c confirms that Aw,,4 is indeed a good predictor for Am,, 4. Results
in section 2 have shown that the decrease in the rate of condensate production (Am,,,y, < 0) explains the
decrease in the mass of cloud condensates (Aq, < 0). Based on these, we conclude that the weakening of the
moist diabatic circulation (as measured by Aw,,4 < 0) in the free troposphere is the reason for the decrease
in the production of condensates and therefore also the decrease in the mass of cloud condensates there.

Finally, we revisit the scaling argument analogous to equation (3), but now we apply it to the free tropo-
sphere above 800 hPa only. Figure 9a shows that Am_, 4 is the dominating factor governing Aq.. For the
free troposphere we can therefore write

cond

Aq., Am

qc Meond

s

but

AVncond ~ Awrad

Meond Wrad
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Figure 9. Percentage changes associated with rapid adjustment of the global average (a) g, versus mgy,q4, (b) g versus
@rad» (€) CFR versus w4, and (d) CFR versus RH. Each HiRAM configuration (labeled Cre0, CtrL, and Ent0) has three
data points corresponding to doubled (2x), quadrupled (4x), and octupled (8x) CO, concentrations. All variables
shown have been pressure-weighted averaged for the free troposphere between 800 and 150 hPa. The dotted lines are
the one-to-one lines.

based on the relationship between the circulation and the rate of condensate production demonstrated above
(recall Figure 8c). Therefore,

ch ~ Awrad

qc Wrad

as confirmed in Figure 9b. The weakening of the circulation also explains the decrease in CFR to a large
extent (Figure 9c¢), but for this variable RH may also play a secondary role (Figure 9d).

4. Clouds in the Boundary Layer

Figure 6 shows that clouds (in terms of both g, and CFR) decrease in the free troposphere but increase below
about 900 hPa in the HIRAM aqua planet simulations. The upper half of the boundary layer between 800
and 900 hPa shows a decrease in clouds, which is consistent with the weakening of the circulation in the
free troposphere, but clouds in this layer are also influenced by physical processes of the boundary layer. It
has been suggested that the stabilization and shoaling of the boundary layer and the decrease in turbulent
entrainment at cloud tops are factors contributing to cloud rapid adjustment in the boundary layer below
800 hPa (Kamae et al., 2015; Wyant et al., 2012; Xu et al., 2018).

It can be argued that turbulent entrainment is simulated well only in high-resolution models such as the
superparameterized GCMs used by Wyant et al. (2012) and Xu et al. (2018). Superparameterized GCMs are
coupled with sophisticated cloud-resolving and/or high-order turbulent closure schemes. However, even in
these models the response of clouds to entrainment is highly sensitive to model resolution and the details
of the cloud and turbulent schemes, such that the model used by Wyant et al. (2012) shows relatively little
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ARH (black) change in low clouds, while the one used by Xu et al. (2018) shows a
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ACFR (colours) [%] significant increase (which is consistent with the HIRAM results). Large

eddy simulations at very high resolutions have also been used to study
cloud rapid adjustment (e.g., Blossey et al., 2016). However, the limita-
1 tion of these limited-domain large eddy simulations is that they cannot
account for the global energetic equilibration following the increase in
0 CO, and the resulting adjustment of the global tropospheric circulation
and hydrologic cycle.

-1 Given the known sensitivity of low clouds to model configurations,
we investigate the role of parameterized subgrid-scale entrainment in
_2 HiRAM in the Ent0 experiments. With subgrid-scale entrainment at

1000

0 30
Latitude

60 90 cloud tops turned off, the Ent0 case produces the largest amount of clouds
in the base state (Figure 3d), specifically at around 900 hPa (Figure 6). The

Figure 10. Spatial structures of ARH and ACFR in the boundary layer in increase in boundary layer clouds during rapid adjustment is also largest

the CtrL case. The results of the Cre0 and Ent0 cases are qualitatively
similar (not shown). The solid black contours show the non-negative (zero
and above) values of ARH. The dashed black contours show the negative

values of ARH.

in the EntO0 case (Figure 8a). This large increase in clouds appears unre-
lated to entrainment change because the Ent0 case has the least amount
of entrainment and hence the least decrease in entrainment. Rather, we
interpret the large increase in boundary layer clouds in the EntO case as
a reflection of the large amount of clouds in the base state in this case.

A factor that has not been discussed previously in consideration of cloud rapid adjustment in the bound-
ary layer is the change in near-surface RH. Kamae and Watanabe (2012, 2013) reported that near-surface
RH increases following rapid adjustment in GCMs. However, the authors did not consider this as a factor
regulating cloud rapid adjustment in the boundary layer. Their schematics explaining cloud rapid adjust-
ment (Figure 16 in Kamae & Watanabe, 2013 and Figure 1 in the subsequent review paper Kamae et al.,
2015) neglect that RH increases near the surface and depict instead that RH decreases throughout the whole
troposphere.

Figure 8d shows that RH increases near the surface in HIRAM. This behavior is consistent with Kamae and
Watanabe (2012, 2013) and also with Xu et al. (2018). We show further here (see Figure 10) that the spatial
structures of ARH and ACFR in the boundary layer are highly correlated. Both ARH and ACFR switch signs
from negative above about 900 hPa to positive below this level. The 900 hPa level is approximately the lifting
condensation level (LCL, see O'Gorman et al., 2012; Takahashi, 2009). Below the LCL, the presence of clouds
is largely controlled not by the formation of the condensates but by the evaporation of the condensates as
they fall through the air. We therefore expect that below the LCL, large RH (moist air) favors large cloud
amount. Due to gravitational settling of the condensate particles, the zero contour of ACFR is located slightly
below the zero contour of ARH.

It is interesting to address the question why RH increases near the surface. Such an increase in RH cannot
be explained from the temperature change because AT > 0 throughout the troposphere (see Figure 8b).
Figure 8d shows that RH increases near the surface due to an increase in the specific humidity (g,) near
the surface. Part of the effect of Ag, > 0 which increases RH is canceled out by the effect of AT > 0 which
decreases RH. Therefore, the layer in which RH increases is shallower than the layer in which g, increases.
In Dinh and Fueglistaler (2017), we have shown that the specific humidity near the surface increases because
the demand for near-surface moisture to be exported to the free troposphere decreases as the moist dia-
batic circulation in the free troposphere weakens. The increase in near-surface specific humidity is the
precondition for the decrease of surface evaporation during rapid adjustment.

5. Conclusions

The AMIP and aqua planet experiments provided a set of global climate simulations with varied regional pat-
terns in the atmospheric general circulation and hydrologic cycle. Despite the differences in the circulation
patterns in these simulations, the correlation between precipitation and CWP always holds well. Precip-
itation and cloud condensates are connected by the phase change processes that convert water vapor to
condensates in the atmosphere as part of the hydrologic cycle. However, a correlation between condensate
production and cloud condensates is not guaranteed a priori because condensation governs cloud formation
but not subsequent cloud evolution. Therefore, the finding of a high correlation between precipitation and
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the mass of cloud condensates indicates that the decrease in condensate production is the dominating effect
leading to the decrease of cloud condensates during rapid adjustment, while other changes in subsequent
cloud evolution are secondary factors.

We have explained the decrease in condensate production as a result of the weakening of the moist dia-
batic circulation in the free troposphere. The strength of the moist diabatic circulation is quantified by the
radiative subsidence mass flux, which is calculated by the radiative heating rate divided by the stratification
(see equation (6)). Following CO, increase, tropospheric radiative cooling is reduced, which induces tropo-
spheric temperature adjustment with a maximum warming at about 800 hPa (top of the boundary layer).
The decrease in radiative cooling (rather than stratification change) is the dominating effect that accounts
for the decrease in the radiative subsidence mass flux. On the other hand, the stabilization of the inversion
layer at the top of the boundary layer that arises from the temperature adjustment is critical in the slow down
of the ascending branch of the circulation. Via the relationships between clouds and condensate production,
condensate production and circulation, and circulation and atmospheric radiation, we have demonstrated
how the CO, radiative forcing forces cloud rapid adjustment in the free troposphere.

In the boundary layer, clouds increase (instead of decrease like in the free troposphere) during rapid adjust-
ment in most GCMs (Kamae et al., 2015) including HiRAM (as shown in this work). The increase in
boundary layer clouds has been previously discussed in association with the shoaling and stabilization of
the boundary layer and the decrease in cloud top turbulent entrainment (Kamae et al., 2015; Wyant et al.,
2012; Xu et al., 2018). Additionally, we suggest that the increase in RH below the LCL (approximately 900
hPa) contributes to the increase of clouds there. Clouds below the LCL are governed by the evaporation of
the condensates as they fall through the air, such that large RH favors more clouds. RH increases below the
LCL because the specific humidity increases there. In Dinh and Fueglistaler (2017), we have shown that the
specific humidity near the surface increases because the demand for near-surface moisture to be exported
to the free troposphere decreases as the moist diabatic circulation in the free troposphere weakens.

Appendix A: Method

We carried out simulations of rapid adjustment using HIRAM, a GCM developed by the Geophysical Fluid
Dynamics Laboratory (GFDL). In order to test the cloud response over a wide range of forcing, we performed
the simulations with doubled (2x), quadrupled (4x), and octupled (8x) CO, concentrations. The AMIP data
are available for the quadrupling CO, scenario only. Furthermore, the rate of condensate production (m,,,4)
is not available as an output in the AMIP data, but we are able to print it out for HIRAM. We used a C90 grid
(Harris & Lin, 2014) of 1° horizontal resolution and 32 vertical levels in the atmosphere.

The HiRAM simulations were run in aqua planet configuration in which ice formation at the surface is
suppressed. The aqua planet simulations together with the AMIP experiments allow us to demonstrate
that the relationship between precipitation and cloud water holds regardless of land and ice surfaces (see
Figures 1-5). We do not compare in detail the aqua planet and AMIP experiments to quantify the role of
land-sea contrast, as this topic has been thoroughly addressed elsewhere (see, e.g., Chung & Soden, 2018;
Kamae & Watanabe, 2013; Medeiros et al., 2015; Ringer et al., 2014).

Rapid adjustment has been diagnosed in both transient climate simulations using coupled
atmosphere-ocean GCMs (Andrews & Forster, 2008; Andrews et al., 2012; Gregory & Webb, 2008; Gregory
et al.,, 2004; Zelinka et al.,, 2013) and prescribed-surface simulations using atmosphere-only GCMs
(Bala et al., 2009; Hansen, 2002; Hansen et al., 2005; Kamae & Watanabe, 2012; Shine et al., 2003; Vial et al.,
2013; Zelinka et al., 2013). Given that our focus is to quantify the changes in the atmosphere following rapid
adjustment (rather than to realistically simulate the time scale of transient climate changes), we opted for
the prescribed-surface method to avoid the error associated with regression which is necessary to diagnose
rapid adjustment in transient climate simulations.

To obtain the sea surface temperatures (SSTs) required as the lower boundary condition for our simulations,
we used HiRAM to run aqua planet simulations in which the atmosphere is coupled to a slab ocean. In
these coupled slab-ocean simulations, atmospheric CO, is prescribed to be 400 ppmv, and a uniform sur-
face albedo is chosen such that in equilibrium, the global average surface temperature is 288 K, which is
representative of the current Earth's climate. The equilibrium SSTs obtained from the slab-ocean simula-
tions are then imposed as the lower boundary condition in the prescribed-surface simulations (AMIP-type
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runs). For each of the profiles of SSTs that has been obtained from the coupled slab-ocean simulations, we
ran four prescribed-surface simulations with 100, 200, 400, and 800 ppmv CO,. Thus, the SSTs and also the
surface albedo are fixed while CO, is varied among these four runs. Rapid adjustment under doubled (2x),
quadrupled (4x), or octupled (8x) CO, is diagnosed as the difference between the 400, 200, or 100 ppmv
runs, respectively, and the 800 ppmv CO, run. All results discussed are based on the 11-year averages of the
model solutions after an equilibrated (steady) state has been reached.

Note that the splitting of the precipitation patterns at the equator in the HIRAM simulations (Figure 3b) is
not strictly a double Intertropical Convergence Zone but an effect of time averaging over the 11-year model
output. The precipitation patterns have no double peaks in the tropics in any given month and a single trop-
ical precipitation maximum moves between the Northern and Southern Hemispheres as insolation varies
seasonally (not shown).

To explore the sensitivity to model representation of cloud processes, we carried out three sets of aqua planet
simulations, which are labeled “CtrL” (control), “Cre0” (turning off cloud radiative effect, CRE), and “Ent0”
(turning off subgrid-scale entrainment at cloud tops in the boundary layer).

1. The CtrL case is the standard configuration with all parameters set as default in HIRAM. The surface
albedo in the CtrL runs is 17.3%.

2. The Cre0 case is the same as CtrL except that the CRE is switched off, artificially making the clouds
transparent to radiation. The Cre0 simulations are analogous to those in the Clouds On-Off Klimate Inter-
comparison Experiment (COOKIE, see Fermepin & Bony, 2014; Stevens et al., 2012). The purpose of the
CreO runs is to demonstrate that the change in the radiative heating AQ,,4 forces cloud rapid adjustment
regardless whether clouds affect Q,,4 or not. The surface albedo in the Cre0 runs is 30.7%.

3. The EntO case is the same as CtrL except that the boundary layer turbulent mixing scheme (Lock et al.,
2000) is turned off. As a result, any entrainment and detrainment between the clouds and the environment
in the boundary layer occur only on the resolved grid scale. The surface albedo in the Ent0 runs is 2.5%.
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